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Neuropeptide Y-Mediated Inhibition of
Proopiomelanocortin Neurons in the Arcuate Nucleus
Shows Enhanced Desensitization in ob/ob Mice
(Coleman, 1978). Numerous lines of evidence have sug-
gested that the hypothalamus is a key site of action of
leptin. The signaling, long form of the leptin receptor is
highly enriched in the hypothalamus, with high expres-
sion in the Arc and VMH (Elmquist et al., 1998; Fei et
Aaron G. Roseberry,1 Hongyan Liu,1
Alexander C. Jackson,3 Xiaoli Cai,1,2
and Jeffrey M. Friedman1,2,*
1Laboratory of Molecular Genetics
2 Howard Hughes Medical Institute
al., 1997; Mercer et al., 1996b; Schwartz et al., 1996).The Rockefeller University
Furthermore, leptin has been shown to directly regulate1230 York Avenue
the electrical activity and gene expression of hypothala-Box 305
mic neurons. Leptin has been shown to activate STAT3New York, New York 10021
in the hypothalamus (Vaisse et al., 1996) and has also3 Department of Neurobiology
been demonstrated to activate transcription of fos andHarvard Medical School
SOCS3 in specific neurons within the Arc (Elias et al.,Boston, Massachusetts 02115
1999). Finally, leptin has been demonstrated to inhibit
the electrical activity of a population of neurons in the
Arc and VMH through the activation of ATP-sensitiveSummary
potassium channels (Spanswick et al., 1997).
Distinct neuronal populations in the Arc express ObRsNPY and MSH are expressed in distinct neurons in
and coexpress various neuropeptides, including neuro-the arcuate nucleus of the hypothalamus, whereMSH
peptide Y (NPY) and -melanocyte stimulating hormonedecreases and NPY increases food intake and body
(MSH), a product of the proopiomelanocortin (POMC)weight. Here we use patch-clamp electrophysiology
gene (Cheung et al., 1997; Mercer et al., 1996a). NPYfrom GFP-labeled POMC and NPY neurons to demon-
and MSH have been implicated as key players in thestrate that NPY strongly hyperpolarized POMC neu-
regulation of energy homeostasis, and arcuate neuronsrons through the Y1R-mediated activation of GIRK
expressing these peptides have been demonstrated tochannels, while the MSH analog, MTII, had no effect
be direct targets of leptin action (Elias et al., 1999).on activity of NPY neurons. While initially NPY had
In the hypothalamus, NPY and MSH act antagonisti-similar effects on POMC neurons derived from ob/ob
cally to regulate food intake and energy expenditure.mice, further studies revealed a significant increase in
Central injection of NPY or an antagonist ofMSH recep-desensitization of the NPY-induced currents in POMC
tors potently stimulates food intake (Stanley et al., 1986),neurons from ob/ob mice. This increase in desensitiza-
while injection of an MSH homolog leads to the sup-tion was specific to NPY, as GABAB and OR agonists
pression of food intake (Fan et al., 1997). Despite theirshowed unaltered desensitization in POMC neurons
opposite effects on feeding, both neuronal subtypesfrom ob/ob mice. These data reveal an intricate and
project to similar regions, such as the LH and PVN,asymmetric interplay between NPY and POMC neu-
suggesting that there is interplay between these tworons in the hypothalamus and have important implica-
peptides at multiple levels. (Bai et al., 1985; Baker andtions for the delineation of the neural circuits that regu-
Herkenham, 1995; Broberger et al., 1998; Elias et al.,late feeding behavior.
1999; Sawchenko et al., 1982). An additional level of
complexity arises from the fact that NPY-expressingIntroduction
neurons in the Arc also express agouti-related protein
(AgRP), which is an endogenous antagonist of the MC3
The hypothalamus is known to play a key role in the
and MC4 receptors for MSH (Ollmann et al., 1997).
regulation of food intake and energy expenditure. Early
Thus the release of NPY leads to downstream effects
lesioning and stimulation studies led to the development stimulating food intake, and corelease of AgRP from
of the “dual center” hypothesis for the regulation of these same neurons also inhibits the anorectic effects
energy homeostasis within the hypothalamus, with the of MSH. Recent data suggest that there may also be
ventromedial hypothalamus (VMH) functioning as a “sa- direct cross-talk between these neuronal populations
tiety center” and the lateral hypothalamus (LH) acting within the Arc. It has been recently shown that POMC
as a “feeding center” (Elmquist et al., 1999). However, neurons receive spontaneous GABAergic input, and
since these early, seminal studies, many lines of evi- electron micrographs have demonstrated that NPY- and
dence have implicated other regions within the hypo- GABA-containing nerve terminals synapse onto POMC
thalamus in the regulation of energy homeostasis includ- neurons (Cowley et al., 2001; Csiffary et al., 1990; Hor-
ing the arcuate nucleus (Arc), paraventricular nucleus, vath et al., 1992).
and dorsomedial nucleus. Detailed studies of the neural signaling mechanisms
An important advance in our understanding of the that control feeding (and other neural processes) have
regulation of energy homeostasis came from the identifi- been limited by the inability to identify specific classes
cation of leptin as the product of the obese (ob) gene of neurons in the hypothalamus. To overcome this limita-
(Zhang et al., 1994). Mice lacking leptin or its receptor tion, we have made use of BAC transgenic mice in which
are grossly obese, hyperphagic, and hypometabolic spectrally distinct GFPs were targeted to POMC and
NPY neurons. In order to study the responses of these
hypothalamic neurons, patch-clamp recordings were*Correspondence: friedj@rockefeller.edu
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performed on GFP-labeled neurons from wild-type and
ob/ob BAC transgenic mice. These studies showed that
NPY directly inhibited POMC neurons in the Arc through
the Y1R-mediated activation of GIRK currents. In con-
trast, an MSH analog had no effect on the activity of
NPY neurons, showing that there is asymmetric signal-
ing between these important neuropeptides in the Arc.
POMC neurons from ob/ob mice showed enhanced de-
sensitization to the effects of NPY, but not to GABAB or
-opioid receptor (OR) agonists, suggesting that there
are specific alterations in the NPY signaling pathway in
POMC neurons from leptin-deficient, ob/ob mice. These
studies reveal an important interplay between NPY and
POMC neurons and provide novel information on the
neural circuit regulating energy homeostasis.
Results
It has previously been reported that POMC neurons are
subject to tonic, GABA-mediated inhibition, and it has
been suggested that some of these GABAergic inputs
originate from NPY neurons (Cowley et al., 2001). We
sought to determine whether the release of NPY might
also inhibit POMC neurons. In order to perform patch-
clamp recordings from POMC neurons, we utilized BAC
transgenic technology (Yang et al., 1997) to create trans-
genic mice in which POMC neurons were labeled with
a variant of GFP, Topaz GFP. For simplicity, the POMC-
Topaz GFP mice will be referred to as POMC-GFP mice.
In these mice, GFP was expressed exclusively in POMC
neurons in the arcuate nucleus (Figure 1A; our unpub-
lished data) and hippocampus (data not shown).
To assess the potential effects of NPY on POMC neu-
rons, the activity of GFP-labeled neurons from POMC-
GFP mice was monitored in the loose, cell-attached
configuration in acute slice preparations. The addition
of 100 nM NPY completely eliminated the spontaneous
firing of action potentials in POMC neurons in a revers-
ible manner (Figures 1B and 1C), and NPY suppressed
firing completely in nearly every cell tested, as depicted
in the composite data shown in Figure 1C.
We next asked whether this effect was reciprocal by Figure 1. NPY Suppressed Action Potential Firing in GFP-Labeled
POMC Neuronsanalyzing the effect of MTII, an MSH analog, on the
Loose cell-attached recordings were made from POMC neurons,activity of NPY neurons in the Arc using NPY-GFP BAC
and 100 nM NPY was applied in the bath solution.transgenic mice. Overall, MTII had no effect on the activ-
(A) Representative image of direct fluorescence of Topaz GFP inity of NPY neurons. MTII did not affect the activity of NPY
the POMC neurons in the arcuate nucleus using a 40 objectiveneurons in the whole-cell, current-clamp configuration
(scale bar: 20 m).
(Figure 2A) (mean effect: 0.006 mV  0.415 mV, n  25, (B) Sample frequency histogram depicting the firing rate of a POMC
NS), nor did it alter the input resistance (RM) of NPY neuron and the suppression of firing by 100 nM NPY. Each bar
represents the number of action potentials per 5 s segment. Inset:neurons (Figure 2B). We also examined whether MTII
sample 5 s sweep during baseline measurement from the POMCcould indirectly alter NPY neuronal activity through regu-
neuron depicted in (B).lating the activity of inputs to Arc NPY neurons. MTII
(C) Normalized mean firing rate for POMC neurons in response toalso had no effect on the frequency of excitatory or
100 nM NPY. The firing rate of each cell was normalized to the rate
inhibitory postsynaptic currents on the NPY neurons at the onset of NPY application, and the normalized rates were then
(Figures 2C and 2D). Thus, while NPY can modulate the averaged (n  5).
activity of POMC neurons, this effect is not reciprocal,
as an MSH agonist had no discernible effect on arcuate
NPY neurons. performed in the whole-cell configuration. Once again,
POMC neurons fired action potentials spontaneously atHaving established that there were consistent and
significant effects of NPY on the arcuate POMC neurons, rest (Figure 3A). As in the loose, cell-attached configura-
tion, 50–100 nM NPY completely eliminated action po-we next examined the mechanism responsible for this
response. To determine the magnitude of the effect of tential firing and significantly hyperpolarized all neurons
tested (Figures 3A and 3B) (mean effect:16.98 mVNPY on POMC neurons, current-clamp recordings were
NPY Inhibits POMC Neurons in the Arcuate Nucleus
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Figure 2. MTII Does Not Affect the Activity of NPY Neurons
Whole-cell recordings were performed from NPY neurons in the Arc in the presence of 100 nM MTII.
(A) Sample recording from an NPY neuron held at negative VM and treated with 100 nM MTII (mean effect: 0.006 mV  0.415 mV, n  25, NS).
(B) Input resistance of NPY neurons treated with 100 nM MTII.
(C) Mean EPSC frequency onto NPY neurons treated with 100 nM MTII.
(D) Mean IPSC frequency onto NPY neurons treated with 100 nM MTII. Bar graphs in (C) and (D) represent the mean PSC frequency before
and after MTII treatment.
2.40 mV, n  9, p  0.00005 versus control). The NPY To further deduce the mechanism of action of NPY
on POMC neurons, the input resistance of POMC neu-effect was reversible, but complete reversal of the NPY-
induced hyperpolarization depended on the length of rons was measured. POMC neurons in the Arc are typi-
cally small and have very high input resistances, on theexposure to NPY, and cells generally required 15–60
min for full recovery. The effects of NPY appeared to order of 1 G. In some cases this makes it difficult to
observe the effects of small currents on input resistance.be mediated by direct action on POMC neurons, as NPY
also significantly hyperpolarized POMC neurons in the Despite this potential limitation, a significant decrease
in input resistance was observed in POMC neurons afterpresence of tetrodotoxin (TTX) (Figure 3B).
We next determined which NPY receptor subtype was addition of NPY (Figures 4A and 4B), showing that NPY
increased total membrane conductance.responsible for the effect of NPY on POMC neurons.
The potential involvement of the Y1R was tested first, The decrease in input resistance combined with the
hyperpolarization observed in response to NPY in cur-because POMC neurons have been previously reported
to express this receptor subtype (Broberger et al., 1997). rent-clamp recordings suggested that NPY was activat-
ing a potassium channel. To test this possibility, slowThe Y1R antagonist, BIBP3226 (Gerald et al., 1996) (500
nM or 1 M), completely reversed the effects of 50–100 voltage ramps (100 mV to 0 mV, 1 s) were performed
in an extracellular solution containing high potassiumnM NPY in 12 of 19 cells tested when applied following
NPY (Figure 3C) (mean effects: NPY: 10.55 mV  1.14 (30 mM) and TTX (1 M) (Figures 4C and 4D). Slow
voltage ramps (Figure 4C) showed an NPY-induced cur-mV, n 19, p	 0.0000001; NPY
BIBP3226:3.93 mV
1.65 mV, n  19, p 	 0.05). In addition, pretreatment rent (Figure 4D) that showed strong inward rectification
and reversed at the reversal potential for potassium ionswith BIBP3226 completely blocked the ability of NPY to
hyperpolarize POMC neurons in all cells tested (Figure in the solutions used (EREV  40.45 mV  1.23 mV, n 
13; EK  39.86 mV).3D) (mean effect: 3.64 mV  1.55 mV, n  10, NS).
Thus, the inhibition of POMC cells by NPY appeared to The strong inward rectification of the NPY-induced
K
 current, combined with the fact that Y1Rs, and otherbe mediated primarily through Y1Rs, although we can-
not exclude the possibility that other NPY receptor sub- NPY receptors, couple to G proteins of the Gi/o family
(Blomqvist and Herzog, 1997; Michel et al., 1998), sug-types could also contribute to this effect.
Neuron
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Figure 3. NPY-Induced Hyperpolarization of POMC Neurons Was Blocked by Y1R Antagonists
Whole-cell recordings were performed on POMC neurons in the presence of NPY (50–100 nM) with or without the Y1R antagonist BIBP3226
(500 nM–1 M).
(A) Sample recording from a POMC neuron treated with 100 nM NPY (mean effect: 16.98 mV  2.40 mV, n  9, p  0.00005). Inset: a 1 s
segment of the recording showing individual action potentials prior to the addition of NPY.
(B) Sample recording from a POMC neuron treated with 50 nM NPY in the presence of TTX.
(C) Sample recording from a POMC neuron treated with 50 nM NPY and 500 nM BIBP3226 in the presence of TTX (mean effects: NPY: 10.55
mV  1.14 mV, n  19, p 	 0.0000001; NPY
BIBP3226: 3.93 mV  1.65 mV, n  19, p 	 0.05).
(D) Sample recording from a POMC neuron pretreated with 1 M BIBP3226 prior to the addition of 50 nM NPY (mean effect: 3.64 mV 
1.55 mV, n  10, NS). p values reported are versus control condition.
gested that the NPY-induced K
 current was mediated used. Thus, the effects of NPY on dissociated POMC
neurons were equivalent to those observed in slice prep-by activation of a member of the G protein-coupled,
inwardly rectifying K
 channel (GIRK) family. To test this arations, demonstrating that NPY directly inhibited
POMC neurons via activation of GIRK currents.hypothesis, the ability of extracellular barium to block
the NPY-induced currents was tested. The addition of Mice homozygous for a mutation in the obese gene,
encoding the protein leptin, are grossly obese and hy-extracellular barium (0.1 or 1 mM) completely blocked
the NPY-induced currents (Figure 5). Barium also blocked perphagic and have increased levels of NPY RNA and
decreased levels of MSH RNA (Coleman, 1978; Mizunoa basal leak conductance in the POMC neurons,
suggesting that another barium-sensitive K
 channel et al., 1998; Schwartz et al., 1997; Stephens et al., 1995;
Thornton et al., 1997). While the levels of gene expres-was open at rest in POMC neurons. Furthermore, barium
completely reversed the effects of NPY in current-clamp sion suggest a role for these peptides in the pathogene-
sis of the obesity associated with leptin deficiency, themode and appeared to block a basal leak conductance
(as was also observed in voltage-clamp recordings), activity and responsiveness of the POMC neurons from
ob/ob mice have not been studied. In order to determineleading to a small but significant depolarization over
control conditions (data not shown; mean effects: whether the activity of POMC neurons from ob/ob mice
was different from wild-type mice, the electrophysiologi-NPY: 14.25 mV  2.16 mV, n  9, p  0.00008;
NPY
Ba: 3.44 mV  1.07 mV, n  9, p  0.006). cal characteristics of POMC neurons were studied in
acute slice preparations from POMC-GFP, ob/ob mice.To definitively confirm that NPY acted directly on
POMC neurons, additional experiments were performed The morphology of POMC neurons from ob/ob mice
was grossly similar to wild-type mice, and POMCusing acutely dissociated POMC neurons. This prepara-
tion allows more accurate voltage-clamp and faster so- neurons from wild-type and ob/ob mice had similar
resting potentials (data not shown). We next testedlution exchange and also eliminates any actions of NPY
that may be mediated indirectly by release of modulatory the effects of NPY on POMC neurons from ob/ob
mice. Similar to wild-type mice, NPY hyperpolarized allagents from other neurons or glia. As observed in slice
preparations, acutely dissociated POMC neurons fired POMC neurons from ob/ob mice tested (Figure 7A)
(mean effect: 11.42 mV  1.41 mV, n  9, p 0.00002action potentials spontaneously at rest, and NPY (250 nM)
reversibly hyperpolarized the neurons (Figure 6A). Under versus control). While the inhibitory effect of NPY was
slightly lower in POMC neurons from ob/ob mice, thisvoltage-clamp conditions, NPY induced a large inward
current (Figure 6C), which showed strong inward rectifi- difference was not significant (mean effects: wild-
type: 14.73 mV  1.30 mV, n  26; ob/ob: 11.42cation and reversed near the reversal potential for potas-
sium ions (Figure 6B) in the high-potassium solution mV  1.41 mV, n  9, p  0.086). However, the effects
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Figure 4. NPY Decreased Input Resistance and Induced an Inwardly Rectifying Current in POMC Neurons
(A–B) POMC neurons were held in voltage-clamp at 60 mV, and input resistance (RM) was measured by stepping the cell to 70 mV for 100 ms.
(A) Mean RM values from POMC neurons treated with 100 nM NPY (p 	 0.0001, one-way repeated measures ANOVA; n  8). (B) Bar graph
representing the mean RM values before and after NPY treatment. (*p 	 0.005).
(C–D) POMC neurons were held in voltage-clamp at 70 mV in an extracellular solution containing high K
 (30 mM) and TTX (1 M), followed
by voltage ramps in the presence or absence of 100 nM NPY. (C) Sample trace from a POMC cell in response to slow voltage ramps (100 mV
to 0 mV, 1 s). (D) NPY-induced current was calculated by subtracting the current following NPY treatment from the control current in (C). The
NPY-induced current reversed at 40.45 mV  1.23 mV, n  13 (EK  39.86 mV).
of NPY did appear to reverse more rapidly in ob/ob ob/ob mice desensitized more rapidly and to a signifi-
cantly greater extent than those from wild-type miceneurons (Figure 7A), suggesting the possibility of in-
creased desensitization of the response to NPY in these (Figures 7C and 7D), suggesting that there are alter-
ations in the NPY signaling pathway that could possiblyanimals. To confirm that the accelerated reversal of the
effects of NPY on POMC neurons from ob/ob mice was be due to increased tonic release of NPY onto POMC
neurons in ob/ob mice. This could explain the increasednot due to alterations in the potency of NPY, dose-
response curves were performed on POMC neurons desensitization that was observed, as well as the in-
crease in the rate of reversal of the effects of NPY ob-from wild-type and ob/ob mice (Figure 7B). While the
efficacy of NPY was slightly, but nonsignificantly, re- served in current-clamp mode shown in Figure 7A. To
ensure that the increased desensitization of the NPY-duced in POMC neurons from ob/ob mice, the potency
of the NPY effect on POMC neurons from wild-type and induced currents in ob/ob mice was not due to activation
of a delayed inward current only in ob/ob POMC neu-ob/ob mice was similar (wild-type EC50  12.29  7.85
nM, ob/ob EC50  11.51  15.4 nM), indicating that the rons, extracellular barium was used to block the NPY-
induced GIRK currents. The inclusion of extracellularmore rapid reversal of NPY effects was not due to altered
potency on ob/ob POMC neurons. barium (1 mM) blocked all NPY-induced currents (data
not shown), demonstrating that the increased desensiti-To test the possibility that there was increased desen-
sitization of the NPY response in POMC neurons from zation observed in ob/ob mice was not due to activation
of an additional inward current specifically in ob/obob/ob mice, the response to NPY was quantified in slice
preparations from wild-type and ob/ob mice after treat- mice.
We next sought to determine whether the increasedment with different concentrations of NPY for prolonged
periods. While POMC neurons from both wild-type and desensitization in POMC neurons from ob/ob mice was
specific for NPY, or whether the increase in desensitiza-ob/ob mice showed little desensitization to treatment
with 10 nM NPY for up to 15 min (Figure 7D), significant tion was common to all receptors activating the GIRK
signaling pathway. Since both GABAB and -opioid re-differences were observed following treatment of POMC
neurons with a higher concentration of NPY (100 nM) ceptor (OR) activation have been demonstrated to acti-
vate GIRK currents in POMC neurons (Kelly et al., 1990;for 10 min (Figures 8C and 8D). POMC neurons from
Neuron
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Figure 5. The NPY-Induced Currents in POMC Neurons Were Sensi-
tive to Extracellular Barium
POMC neurons were held in voltage-clamp at70 mV in an extracel- Figure 6. NPY Inhibited Acutely Dissociated POMC Neurons
lular solution containing high K
, followed by voltage ramps or steps POMC neurons were acutely dissociated as described in Experi-
in the presence or absence of 100 nM NPY and 1 mM barium. mental Procedures, followed by whole-cell recordings.
(A) Sample trace from a POMC cell in response to slow voltage (A) Sample current-clamp recording of an acutely dissociated POMC
ramps (100 to 0 mV, 1 s) following treatment with NPY and Ba. neuron. NPY hyperpolarized the POMC neuron in a reversible
(B) Currents induced by NPY in the absence and presence of Ba2
 manner.
were calculated by subtracting the induced currents from the control (B–C) Whole-cell voltage-clamp recordings from acutely dissociated
current in (A). POMC neurons. (B) Slow voltage ramps were performed from 100
mV to 0 mV in the absence or presence of NPY, and the resulting
currents are shown. (C) Sample NPY-induced current at a holding
potential of 100 mV.Loose et al., 1991), we tested whether the desensitiza-
tion of these responses was also altered in POMC neu-
rons from ob/ob mice. The GABAB agonist, baclofen
(100 M), induced an outward current in POMC neurons Discussion
that showed strong desensitization in both wild-type
and ob/ob mice (Figures 8A and 8B). However, there The dual center hypothesis holds that a feeding center
and a satiety center reciprocally regulate food intake andwas no difference in the extent of desensitization be-
tween wild-type and ob/ob neurons (Figure 8B). The body weight and that alteration in the relative activity of
these centers results in obesity or leanness. With theOR agonist, met-enkephalin (30 M), also induced an
outward current in POMC neurons. However, as with identification of leptin and arcuate neurons expressing
NPY and POMC as their targets, molecular correlatesGABAB activation, no differences were observed in the
desensitization to met-enkephalin in wild-type and ob/ of these feeding and satiety circuits have been identified
in the Arc. The studies reported here illustrate how theob mice (Figures 8C and 8D). This demonstrates that
the enhanced desensitization of NPY-induced currents use of electrophysiology in transgenic mice with GFP-
labeled neurons can delineate the function of these neu-in POMC neurons from ob/ob mice was specific for NPY.
These data suggest that there is a specific alteration in ral pathways with greater precision than would other-
wise be possible.the NPY signaling pathway in POMC neurons in ob/
ob mice. Previous reports have indicated that NPY-containing
NPY Inhibits POMC Neurons in the Arcuate Nucleus
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Figure 7. Increased Desensitization of NPY-Induced Currents in POMC Neurons from ob/ob Mice
Whole-cell recordings were made from wild-type or ob/ob POMC neurons in the presence of NPY.
(A) Sample current-clamp recordings from ob/ob POMC neurons treated with NPY (mean effect: 11.42 mV  1.41 mV, n  9, p  0.00002).
Note the rapid reversal of the NPY-induced hyperpolarization.
(B) Dose-response curves from POMC neurons treated with varying concentrations of NPY (wild-type EC50  12.29  7.85 nM, ob/ob EC50 
11.51  15.4 nM, n  3–6).
(C) Sample voltage-clamp traces of currents from POMC neurons from wild-type and ob/ob mice treated with 100 nM NPY. Each point
represents the mean current per 5 s sweep.
(D) Graphical representation of the desensitization induced by NPY (100 nM or 10 nM) in POMC neurons from wild-type or ob/ob mice (*p	 0.01).
nerve terminals synapse onto POMC neurons in the Arc The delineation of this and similar signal transduction
pathways is likely to have important implications for(Cowley et al., 2001; Csiffary et al., 1990; Horvath et al.,
1992), and we and others have observed spontaneous the development of new, less empiric therapies for the
treatment of obesity and other nutritional disorders.inhibitory tone mediated by GABA release onto POMC
neurons in the Arc. This report identifies an additional These studies and similar ones provide a fundamen-
tally important baseline for analyses of what is differentlevel of regulation by demonstrating that, in addition
to the inhibitory effect of GABA release onto POMC about the neural circuit that controls feeding in lean
and obese in animals. The markedly increased feedingneurons, NPY also has a profound inhibitory effect on
POMC neurons. The addition of 50–100 nM NPY to acute behavior of ob/ob mice could potentially result from one
or more of the following: (1) altered electrical activity ofhypothalamic slices completely eliminated action po-
tential firing in POMC neurons in both the loose, cell- POMC, NPY, or other neurons in ob/ob mice; (2) altered
responsiveness of these neurons to ionotropic and met-attached (Figure1) and whole-cell configurations (Figure
3), and NPY strongly hyperpolarized POMC neurons in abotropic signals; (3) altered inputs to these neurons;
or (4) effects downstream or independent of the arcuatethe whole-cell current-clamp mode (Figure 3). In con-
trast, MTII had no effect on either the activity of NPY neurons that were analyzed in this report. The data re-
ported here suggest that the responsiveness of POMCneurons or the inputs to NPY neurons (Figure 2). Thus,
our findings show potent inhibitory effects of NPY on neurons to NPY is unaltered. However, the observation
that POMC neurons from ob/ob mice showed increasedPOMC neurons and establish the precise signal trans-
duction mechanism: NPY activates Y1Rs, which in turn desensitization to NPY but not to other activators of the
GIRK signaling pathway suggests that there are specificactivate GIRK channels via G proteins of the Gi/o family.
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Figure 8. GABA-B and -Opioid Receptor Desensitization Were Not Altered in POMC Neurons from ob/ob Mice
Whole-cell recordings were made from wild-type or ob/ob POMC neurons in the presence of 100 M baclofen or 30 M met-enkephalin.
(A) Sample voltage-clamp traces of GABAB-induced currents from POMC neurons from wild-type and ob/ob mice treated with 100 M baclofen.
(B) Graphical representation of GABAB desensitization induced by baclofen in POMC neurons from wild-type or ob/ob mice.
(C) Sample voltage-clamp traces of OR-induced currents from POMC neurons from wild-type and ob/ob mice treated with 30 M met-
enkephalin.
(D) Graphical representation of OR desensitization induced by met-enkephalin in POMC neurons from wild-type or ob/ob mice. Each point
in the sample traces represents the mean current per 5 s sweep.
alterations in the NPY response in POMC neurons from that we have observed in other studies (data not shown).
These findings also suggest the possibility that the in-ob/ob mice. The lack of differences in the desensitiza-
tion of OR and GABAB receptors suggests that the creased feeding behavior and obesity of ob/ob mice
could be a result of alterations in the inputs to POMCaltered desensitization to NPY is not localized to down-
stream components of the of NPY signaling pathway neurons and potentially other neurons. While changes
in neural inputs are likely to contribute to the increasedthat are shared with OR and GABAB and suggests the
possibility that there may be increased tonic release food intake by mutant ob/ob mice, other mechanisms
are likely to contribute to their hyperphagia. Furtherof NPY onto POMC neurons in the ob/ob mouse. This
hypothesis is in agreement with the large increases in studies of the activity and responsiveness of the differ-
ent neurons that comprise these feeding and satietyIPSC frequency onto POMC neurons from ob/ob mice
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circuits are likely to reveal additional mechanisms that NPY neurons in BAC transgenic mice (see below) will
underlie the alterations of food intake and energy bal- allow the direct analysis of the interactions and connec-
ance that lead to obesity. tivity of POMC and NPY neurons within the Arc and else-
These results establish clear effects of NPY on the where.
activity of POMC neurons but in turn raise several other Finally, these studies highlight the utility of combining
issues. While arcuate POMC neurons are innervated by BAC transgenic technology for labeling specific neu-
both GABA and NPY, the determinants for the release of ronal populations with patch-clamp electrophysiology.
GABA versus NPY onto POMC neurons are not known. Previous studies aimed at performing patch-clamp elec-
Thus, it isn’t clear whether there is continuous release trophysiology on hypothalamic neurons have, in general,
of both GABA and NPY onto the POMC neurons or if been confined to blind patching of neurons (Glaum et
there are distinct determinants for the release of NPY. al., 1996; Powis et al., 1998; Spanswick et al., 1997). The
Second, while it has been proposed that the NPY-con- interpretation of these results was often limited by the
taining nerve terminals originate in the Arc (Cowley et fact that the identity of the neurons and the neuropep-
al., 2001), further studies will be required to confirm tides that they express was unknown. This limitation has
whether the innervating NPY terminals indeed arise recently been addressed by the use of BAC transgenic
within the Arc or whether there are NPY inputs from technology (Gong et al., 2003; Yang et al., 1997), an
other brain regions such as the brainstem, which also approach that can be implemented with high throughput
contains cells expressing NPY and sends projections to express GFP (or other proteins of choice) in specific
to the Arc (Ricardo and Koh, 1978). neurons. While conventional transgenic technology can
The data reported here further suggest the possibility also be used to label specific neurons, this approach
that the pathways that regulate feeding and satiety may requires that the necessary DNA regulatory elements of
not be entirely reciprocal, as NPY can inhibit POMC the gene be known. The large size of BACs is generally
neurons while an MSH agonist had no discernible ef- sufficient to include all of a gene’s key regulatory ele-
fect on the activity of Arc NPY neurons. This finding is ments, thus increasing the likelihood that GFP will be
somewhat unexpected, as MC3Rs have been identified eutopically expressed. This technique also allows one
in a portion of Arc neurons expressing AgRP (Bagnol et to efficiently create different transgenic mice expressing
al., 1999). It is possible that the MC3Rs expressed in spectrally distinct GFPs in different neuronal subtypes,
AgRP neurons are trafficked to presynaptic axon termi- potentially facilitating further studies of the effects of a
nals and act as presynaptic receptors to regulate neuro- variety of neurotransmitters and peptides on different
transmitter release and not overall neuronal activity. It neurons in complex circuits.
is also possible that there is a subpopulation of Arc In summary, we have shown an additional level of
NPY/AgRP neurons that do respond directly to MSH regulation among Arc neurons involved in the regulation
and that these cells were either greatly underrepre- of energy homeostasis, with NPY having a profound
sented or missed entirely in this study. The identification inhibitory effect on POMC neurons, including potential
of the subcellular localization of MC3Rs in NPY/AgRP alterations of neural inputs in ob/ob mice resulting in
neurons and the examination of the activity of NPY/ enhanced inhibition of POMC neurons by NPY. These
AgRP neurons that express MC3Rs should distinguish data show a new level of interplay between NPY and
among these possibilities. POMC neurons and have important implications for the
The potentially unidirectional interactions between delineation of the neural circuits that regulate feeding
NPY and POMC neurons in the Arc is consistent with behavior.
the fact that AGRP, which is coexpressed in arcuate NPY
neurons, can also inhibit MSH signaling at downstream
targets. Taken together, these results suggest that path- Experimental Procedures
ways that stimulate feeding can potently inhibit path-
Generation of POMC-Tau-Topaz GFP and NPY-Tau-Sapphireways that mediate satiety at multiple levels and poten-
GFP Transgenic Micetially to a greater extent than satiety pathways can inhibit
The POMC-Tau-Topaz GFP and NPY-Sapphire-Tau GFP transgenicfeeding pathways. If true, it may be that only when feed- mice were created using the BAC transgenic technology developed
ing pathways are fully repressed are the pathways that by Yang et al. (1997). A detailed description of the creation and
mediate satiety disinhibited and active. Such a system validation of this mouse will be the subject of another publication
could be construed as establishing feeding as the “de- and will not be described here. For the image shown in Figure 1,
50 m sections were cut on a vibratome, and direct Topaz GFPfault” mode, a configuration that could confer a selective
fluorescence was examined on an upright Zeiss Axioplan micro-advantage in an environment where food is often limited.
scope using a 40 objective.While this hypothesis might have some explanatory
power, the failure of an MSH agonist to modulate NPY
neuronal activity does not exclude the possibility that Slice Preparation for Electrophysiology
POMC neurons can nonetheless modulate NPY neu- Young adult POMC-GFP or NPY-GFP mice (4–6 weeks old) were
rons. For example, it is possible that POMC neurons do deeply anesthetized with halothane prior to decapitation and re-
moval of the entire brain. The brain was immediately submerged ininnervate NPY neurons through the differential release
ice-cold, carbogen-saturated (95% O2/5% CO2) aCSF, and a brainof another peptide product of the pomc gene, such as
block containing the hypothalamus was made. The aCSF contained-endorphin, or simply through the release of GABA.
126 mM NaCl, 2.5 mM KCl, 2.4 mM CaCl2, 1.2 mM NaH2PO4, 1.2 mMIt will therefore be of great importance to determine MgCl2, 21.4 mM NaHCO3, and 11.1 mM glucose. Coronal sections
whether there are direct and reciprocal synaptic connec- (180 m) were cut with a Leica VT1000S vibratome, and the slices
tions between NPY and POMC neurons within the Arc. were incubated at 37C for approximately 30 min followed by incuba-
tion at room temperature until used.The use of different GFP isoforms to label POMC and
Neuron
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Electrophysiological Recording were included in the bath to block EPSCs. Electrodes had resist-
ances of 2.7–3.3 M when filled with the cesium-methanesulfonateSlices were transferred to the recording chamber and allowed to
internal solution and resistances of 1.8–2.0 M when filled withequilibrate for 10–20 min prior to use. The slices were bathed in
the cesium-chloride internal solution. Series resistance values wereoxygenated aCSF heated to approximately 29C–30C at a flow rate
generally	10 M and were not compensated. Trials were excludedof approximately 1.7 ml/min. GFP-positive POMC cells in the Arc
if the series resistance increased significantly during the experiment.were visualized using epifluorescence and IR-DIC imaging on an
To measure PSCs, currents were recorded for 1 s every 3 s, andupright Zeiss Axioskop 2FS Plus microscope equipped with a fixed
PSCs were detected using the MiniAnalysis program. The frequencystage and a Sony XC-75 CCD camera. GFP-positive neurons were
of PSCs was then calculated at either 15 s intervals or for extendedidentified via epifluorescence and then patched under IR-DIC optics.
times before and after drug addition.Recordings were made using a HEKA EPC9/2 amplifier under the
control of Pulse software, and voltage- and current-clamp protocols
were created using Pulse software. In addition, a Powerlab 4/20 Preparation of Acutely Dissociated POMC Neurons
utilizing Chart software was used for data acquisition in parallel to Young POMC-GFP (P12–P15) mice were used in the studies em-
ploying acutely dissociated neurons. The protocol for isolation ofthe acquisition by Pulse software.
neurons was similar to previously reported (Taddese and Bean,Recordings were performed using a potassium-gluconate based
2002). Briefly, the brain was removed and placed in ice-cold slicinginternal solution, which contained 128 mM K-Gluconate, 10 mM
solution (30 mM Na2SO4, 2 mM K2SO4, 185 mM sucrose, 10 mMHEPES, 1 mM EGTA, 10 mM KCl, 1 mM MgCl2, 0.3 mM CaCl2, 5 mM
glucose, 10 mM HEPES, 0.1 mM CaCl2, and 6 mM MgCl2), andMgATP, and 0.3 mM NaGTP (pH 7.35 with KOH). Electrodes had
three coronal slices containing the Arc were cut. Slices were thenresistances of 2.5–4 M when filled with the K-Gluconate internal
incubated in the slicing solution containing papain (4 mg/ml) at 37Csolution, and series resistance values were 	10 M and were not
for 20 min and then kept at room temperature until used. The Arccompensated. Trials were excluded if the series resistance in-
was dissected and transferred to Tyrode’s solution (150 mM NaCl,creased significantly during the experiment. For loose, cell-attached
3.5 mM KCl, 10 mM HEPES, 10 mM glucose, 1 mM MgCl2, andrecordings, aCSF was used in the pipette instead of the K-Gluconate
1.2 mM CaCl2 [pH 7.4 with NaOH]), and cells were dissociated bysolution, and seal resistance varied from 10–500 M. For measure-
trituration with Pasteur pipettes fire polished to approximatelyment of GIRK currents, a high-potassium extracellular solution was
0.2 mm.used, which contained 98.5 mM NaCl, 30 mM KCl, 2.4 mM CaCl2,
1.2 mM NaH2PO4, 1.2 mM MgCl2, 21.4 mM NaHCO3, 11.1 mM glu-
Electrophysiological Recording in Acutelycose, and 1 M TTX.
Dissociated Neurons
Recordings were made using an Axopatch 200A amplifier (Axon
Instruments, Foster City, CA). Electrodes were pulled from borosili-Dose-Response Assays
cate glass and had resistances of approximately 4.5–6 M whenFor dose-response experiments, the high-potassium (30 mM) extra-
filled with a K-Methanesulfonate-based internal solution containingcellular solution with TTX (1 M) was used (see above) to maximize
132 mM K-Methanesulfonate, 13 mM NaCl, 1.6 mM MgCl2, 0.8 mMany small currents elicited by low doses of NPY. Cells were held in
EGTA, 9 mM HEPES, 14 mM Tris creatine PO4, 4 mM MgATP, andvoltage-clamp at 70 mV, and currents were measured at baseline
0.3 mM TrisGTP (pH 7.4 with KOH). The extracellular solution wasand following NPY treatment. The concentrations of NPY used were
Tyrode’s solution and was modified in some experiments to enhanceas follows (with the number of cells used listed in parentheses):
K
 currents (137.5 mM NaCl, 16 mM KCl, 10 mM HEPES, 10 mM150 nM (wild-type n  4, ob/ob n  3), 100 nM (6, 3), 50 nM (3, 3),
glucose, 1 mM MgCl2, and 1.2 mM CaCl2 [pH 7.4 with NaOH]).10 nM (5, 4), 1 nM (5, 5), 100 pM (4, 4), 10 pM (6, 3), 1 pM (3, 4).
The induced currents were averaged and plotted, and the resulting
Data Analysispoints were fit with a sigmoid function using Igor Pro.
All values reported are means SEM. Data analysis was performed
using PulseFit, Chart, IgorPro, and Microsoft Excel, and all figures
were created using PulseFit and IgorPro. Mean values for membraneDesensitization Assay
potential in current-clamp were similar following analysis with bothAcute desensitization of the response to NPY, baclofen, and met-
Chart and Pulse, and the data reported here were obtained usingenkephalin was examined through the use of prolonged treatment
Chart. Most statistical tests were performed using either paired orwith the drugs. Cells were voltage-clamped at 60 mV in normal
unpaired Student’s t tests, as appropriate. A one-way repeatedaCSF and treated with either 100 nM NPY for 10 min, 10 nM NPY
measures ANOVA was used to examine the decrease in input resis-for 15 min, 100 M baclofen for 10 min, or 30 M met-enkephalin
tance elicited by NPY.for 8 min. Thiorphan (1 M) and bestatin (10 M) were included
in the experiments using met-enkephalin to block its degradation.
Desensitization was assessed by observing the decrease in the Reagents
induced currents in the continued presence of NPY. The desensi- NPY and BIBP3226 were from Peninsula Laboratories (San Carlos,
CA). MTII was from Phoenix Peptides (Belmont, CA). Electrode capil-tized current level was determined at the point where the current
lary glass was from World Precision Instruments (Sarasota, FL).reached a plateau after decreasing from the peak level (see Figures
Fluorescent filter sets were from Chroma Technology Corp. (Brat-7D and 7E). In one very strongly desensitizing cell, in which a plateau
tleboro, VT). TTX and D-AP5 were from Calbiochem. Other reagentscould not be determined, the current level at the end of the NPY
were from Sigma (St Louis, MO).treatment was used.
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